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Description 

The present invention relates to a process of pro- 
ducing a thin film of a single crystalline oxide of the 
formula: 

LnA 2 Cu 3 0 7 . x (I) 
wherein Ln is at least one of the rare earth elements 
Y, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm and Yb and A is at 
least one of the alkaline earth metals Ba, Sr and Ca 
which has a three-layered perovskite structure. 

A thin film of LnA 2 Cu 3 0 7 _ x having a three-layered 
perovskite structure exhibiting superconductivity 
around 90 K will find various new applications such as 
wiring of LSI, SQUID and Josephson tunnel type ele- 
ments. 

For such applications, the LnA 2 Cu 3 0 7 _ x thin film 
should have a critical temperature Tc at 85 K or high- 
er, a critical current density Jc of 1 0 5 A/cm 2 or higher 
when the film is not thicker than 500 nm (5,000 A) and 
should be formed at a comparatively low temperature. 

Since a wiring material of LSI is required to have 
a large current density, the single crystalline thin film 
should have a specific plane such as a (001), (110) 
or (1 03) plane parallel with a film plane so that electric 
current can flow in said specific plane. 

In the Josephson tunnel type element using the 
superconducting LnA 2 Cu 3 0 7 _ x , an insulating ultrathin 
layer between the superconductors for tunnel junc- 
tion is required to have a thickness of not larger than 
3 nm (30 A). To form such junction, it is essential to 
produce a superconductive film having good surface 
smoothness and an ultrathin insulating layer on it. 
The thickness of the insulating ultrathin layerforform- 
ing a junction is limited by the coherence length of the 
superconductor. The coherence length in thedirection 
perpendicular to the (001) plane is about 0.4 to 0.7 nm 
(4 to 7 A), and that in the direction parallel to said 
plane is about 1.5 to 3.0 nm (15 to 30 A). 

Therefore, the thickness of the insulating ultra- 
thin layer to be used for junction varies with the kind 
of the superconductor and its crystal direction to be 
connected. When the direction perpendicular to the 
(001) plane of the superconductor coincides with the 
direction perpendicular to the surface of the insulat- 
ing layer, the thickness of the latter should be 1.0 nm 
(10 A) or less. On the contrary, when the direction 
parallel with the (001) plane of the superconductor co- 
incides with the direction perpendicular to the surface 
of the insulating layer, the thickness of the latter can 
be as thick as several nm (ten A), which makes the 
formation of tunnel junction easy. Accordingly, a (110) 
oriented single crystal film may be more available for 
the tunnel type junction than a (001) oriented film. 

In the practical applications, it is required to pro- 
vide a single crystallinefilm having the (110) plane in 
the direction parallel with the film plane. In addition, 
since a single crystalline film with an other orientation 
can achieve a large current density, it is suitable for 



forming a wire to be used in a superconductive mag- 
net. 

In most cases, the single crystalline film of 
LnA 2 Cu 3 0 7 . x has been prepared by a sputtering 

5 method. The sputtering method comprises irradiating 
a plasma of oxygen (0 2 ) and/or argon gas against a 
target consisting of a Ln-A-Cu base oxide in a vacuum 
vessel and depositing sputtered metals and the like 
on a substrate such as a SrTiO single crystal piece 

w placed in said vessel to form a LnA 2 Cu 3 0 7 . x thin film. 
To covert the deposited LnA 2 Cu 3 0 7 . x thin film to a film 
exhibiting high quality superconductivity with Tc of 77 
K or higher, it is necessary to thermally treat the film 
at a temperature of 800° C or higher. 

15 By the scientists in the Watson Research Labo- 

ratory of IBM or the Stanford University, a supercon- 
ductive oxide thin film is produced by electron beam 
deposition. But, the as-deposited film is amorphous 
and does not have superconductive characteristics 

20 as such. Therefore, the deposited film is post-heated 
at a high temperature of 800 to 1 ,000°C to crystallize 
the amorphous film to a perovskite crystal having a 
three-layered structure, whereby the produced film 
exhibits superconducting transition at 77 K or higher 

25 (see for example, Applied Physics Letters, Vol 51 , No 
11, 14 Sept. 1987, pp. 852-854). 

By the conventional sputtering method or the 
conventional electron beam deposition, no film which 
is substantially a single crystal having the (001), (110) 

30 or (1 03) plane parallel with the film surface has been 
provided, and either method has its own drawbacks. 

For example, in the sputtering method, it is diffi- 
cult to prepare the target with a composition optimum 
for the formation of the superconducting film. Since 

35 a desired material is deposited solely by attacking the 
target with ions, not only characteristics of the film are 
delicately changed according to conditions of the 
plasma atmosphere and to quality of the target, but 
also the substrate or the deposited film is easily modi- 

40 fied by ions. Therefore, this method has poor repro- 
ducibility. 

Another problem resides in that the epitaxially 
grown LnA 2 Cu 3 0 7 _ x oxide film should be thermally 
treated at a temperature of 800°C or higher to in- 

45 crease the critical temperature to 77 K or higher, pre- 
ferably 85 K or higher. By the thermal treatment, the 
surface of the thin film is roughened. Further, due to 
thermal treatment at high temperature, the substrate 
material and LnA 2 Cu 3 0 7 . x react with each other so 

50 that the thin layer having a thickness of 500 A or less 
cannot be made superconductive. 

A superconductive thin film which is produced by 
sputtering and subsequent thermal treatment at the 
lowest temperature is a 200 to 300 nm (2,000 to 3,000 

55 A) thick (001) oriented crystal film of YBa 2 Cu 3 0 7 . x 
which is formed on a sapphire substrate heated at a 
temperature of 550 to 650°C. It is reported that this 
film had zero electric resistance at 80 K after thermal- 
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ly treated at a temperature of 550 to 650°C. 

However, the critical temperature of 80 K is still 
unsatisfactory, and the produced film seems to be 
heterogeneous from the results of X-ray analysis and 
change of electrical resistance against temperature. 

In the conventional electron beam deposition, the 
deposited film should be thermally treated at a high 
temperature. Therefore, the kind of the substrate to 
be used is limited. When the substrate is inadequate, 
it reacts with the deposited material so that a part or 
whole of the deposited material is changed to a ma- 
terial which is different from the superconductor. 

Further, the surface of the deposited film is less 
smooth. Because of the reaction between the sub- 
strate and the deposited material, it is difficult to ob- 
tain the superconducting film with a thickness of 500 
nm (5,000 A) or less. 

The object of the present invention is to provide 
a process of producing a thin film of a LnA 2 Cu 3 0 7 . x 
single crystal having the perovskite structure directly 
on a deposition substrate. 

According to the object of the present invention, 
there is provided a process of producing a thin film 
consisting of a single crystalline oxide superconduc- 
tor of the formula: 

LnA 2 Cu 3 0 7 . x (I) 
wherein Ln is at least one of the rare earth elements 
Y, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm and Yb and A is at 
least one of the alkaline earth metals Ba, Sr and Ca 
which has a three-layered perovskite structure, which 
comprises simultaneously evaporating Ln, A and Cu 
in an atomic ratio of about 1 :2:3 from discrete evap- 
oration sources of Ln, A and Cu to deposit them on a 
single crystal substrate in a vacuum deposition ves- 
sel while supplying oxygen gas towards the substrate 
to form an oxygen-rich atmosphere having a pressure 
of 1 .33 to 13.3 Pa (10- 2 to 10~ 1 Torr) at the substrate. 

There is also provided a process of producing the 
above described thin film of the LnA 2 Cu 3 0 7 _ x single 
crystal, which comprises generating plasma and si- 
multaneously evaporating Ln, A and Cu in an atomic 
ratio of about 1 :2:3 from discrete evaporation sources 
of Ln, A and Cu to deposit them on a single crystal 
substrate in a vacuum deposition vessel while supply- 
ing oxygen gas towards the substrate to form an oxy- 
gen-rich atmosphere having a pressure of 1.33 to 
13.3 Pa (10- 2 to 10- 1 Torr) at the substrate. 

In a preferred embodiment the single crystal 
used as the substrate has its (001) plane forming the 
substrate surface, and the (001) plane of the formed 
single crystal is parallel with the film surface; in an- 
other one in both cases (110) plane is used; in a third 
one the single crystal used as the substrate has its 
(110) plane forming the substrate surface, and the 
(1 03) plane of the formed single crystal is parallel with 
the film surface. 

It is also preferred to heat the substrate to a tem- 
perature of not lower than 500°C while depositing the 



film. 

The oxygen content is not stoichiometric in the 
superconductive oxide of formula (I); oxygen may be 
present in a richer or poorer amount than the calcu- 
5 lated stoichiometric amount. 

Figs. 1 and 2 are X-ray diffraction patterns of the 
thin films of YBa 2 Cu 3 0 7 _ x single crystal produced 
in Examples 1 and 2, respectively, 
Fig. 3 is a graph showing the relationship be- 
10 tween the resistivity and absolute temperature 

for the thin film of YBa 2 Cu 3 0 7 _ x single crystal pro- 
duced in Example 3, 

Figs. 4 and 5 are graphs showing the relationship 
between the resistivity and absolute temperature 

15 and the relationship between the complex sus- 

ceptibility x and x" (% =%' - ix") which is measured 
under the AC-magnetic field applied perpendicu- 
lar to the film surface and absolute temperature, 
respectively for the thin film of YBa 2 Cu 3 0 7 . x sin- 

20 gle crystal having a thickness of 200 nm (2,000 

A) formed on the non-etched (100) surface of 
SrTi0 3 single crystal in Example 4, 
Figs. 6, 7, 8 and 9 are X-ray diffraction patterns 
of the thin films of YBa 2 Cu 3 0 7 . x single crystal 

25 formed in Example 7, the thin film of 

DyBa 2 Cu 3 0 7 _ x single crystal formed in Example 
8, the thin film of ErBa 2 Cu 3 0 7 . x single crystal 
formed in Example 8, and the thin film of 
YBa 2 Cu 3 0 7 . x formed in Example 9, respectively, 

30 Figs. 10 and 11 are graphs showing the relation- 

ship between the resistivity and absolute temper- 
ature and the relationship between the complex 
susceptibility and the absolute temperature, re- 
spectively for the thin film of YBa 2 Cu 3 0 7 . x single 

35 crystal formed in Example 9, 

Figs. 12A, 12B, 13A, 13B, 14A, 14B, 15Aand 15B 
are the reflecting high energy electron diffraction 
(hereinafter referred to as "RHEED") photo- 
graphs showing the crystal structure of the thin 

40 film of YBa 2 Cu 3 0 7 . x single crystal formed in Ex- 

ample 10, 

Fig. 16 is a graph showing the relationship be- 
tween the resistivity and absolute temperature of 
the thin film formed in Example 10, 
45 Figs. 17A, 17B, 18A, 18B, 19Aand 19B are the 

RHEED patterns revealing the crystal orientation 
of the thin film of ErBa 2 Cu 3 0 7 . x single crystal 
formed in Example 11, 

Figs. 20A and 20B are the RHEED patterns re- 
50 vealing the crystal orientation of the thin film of 

YBa 2 Cu 3 Q 7 _ x single crystal formed in Example 
12, and 

Fig. 21 is a graph showing the relationship be- 
tween the resistivity and absolute temperature of 
55 the thin film formed in Example 12. 

The microstructure, namely a polycrystalline or a 
single crystalline structure in the formed thin film of 
LnA 2 Cu 3 Q 7 . x depends on the kind of the substrate. 
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That is, to produce the thin film of the LnA 2 Cu 3 07_ x 
single crystal with the orientation (001 ) or (1 1 0), a sin- 
gle crystal of SrTi0 3 , MgO, CoO, NiO and the like hav- 
ing the (001) plane or the (110) plane in its surface is 
used as a substrate, respectively. 

The processes of producing the thin film of the 
LnA 2 Cu 3 07_ x single crystal can be applied to the pro- 
duction of a polycrystalline LnA 2 Cu 3 0 7 _ x . In this case, 
the kind of the substrate is not limited. 

As described above, to produce the single crys- 
talline LnA 2 Cu 3 0 7 . x having the specific crystal plane 
parallel with the substrate surface, the substrate 
should have said specific crystal plane on its surface. 

The above requirements for the substrate are 
necessary conditions to make the specific crystal 
plane parallel with the substrate surface, but not suf- 
ficient conditions. 

Suitable conditions for producing the thin film of 
the LnA 2 Cu 3 0 7 . x single crystal of the orientation (001 ) 
and those for producing the thin film of the 
LnA 2 Cu 3 0 7 _ x single crystal of the orientation (110) are 
different as follows: 

In the former case, the raw material metals are 
evaporated and deposited on the substrate heated at 
500°C or higher, while in the latter case, the raw ma- 
terial metals are evaporated and deposited on the 
substrate heated at a temperature not lower than 
500°C and lower than 550°C to form the single crys- 
talline LnA 2 Cu 3 0 7 . x having the orientation (110) and, 
after raising the substrate temperature to 550°C or 
higher, the metals are further deposited on the al- 
ready formed single crystal. 

Namely, the LnA 2 Cu 3 0 7 . x single crystal having 
the orientation (001) can be produced under a rela- 
tively wide temperature range of 500°C or higher, pre- 
ferably 520°C or higher but not so high as to adversely 
affect the substrate and the growing film. Thereby, a 
thin film having very good crystal structure is formed. 
On the contrary, when the thin film of the LnA 2 Cu 3 0 7 . x 
single crystal having the orientation (110) is pro- 
duced, as described above, the substrate is heated at 
a temperature not lower than 500°C and lower than 
550°C, preferably around 530°C in the first evapora- 
tion step so as to render the new substrate of 
LnA 2 Cu 3 0 7 . x thin film suitable for the formation of the 
desired material having the orientation (110) and, in 
the second step, the temperature at the new sub- 
strate is raised to 550°C or higher, preferably 600°C 
or higher. Under other conditions, no thin film having 
good superconductive characteristics is formed. 

In other words, although the thin films formed in 
the first and second steps consist of the desired ma- 
terial, the thin film produced in the first step is used 
as a base film in the second step and only the thin film 
formed in the second step has good superconductive 
characteristics. As understood from below described 
working examples, the first and second steps are not 
necessarily carried out continuously. 



In the present invention, the kind of the crystal 
plane is selected and the substrate temperatures are 
determined according to the orientation of the 
LnA 2 Cu 3 0 7 . x single crystal to be formed on the sub- 

5 strate. The thin film of the LnA 2 Cu 3 0 7 _ x single crystal 
having the orientation (103) can be formed on the 
substrate at a higher temperature although the same 
crystal plane as in the case of the orientation (110) is 
used as the substrate. That is, to form the thin film of 

10 the LnA 2 Cu 3 0 7 . x single crystal having the orientation 
(103), the thin film is deposited on the substrate heat- 
ed at 550°C or higher, preferably 600°C or higher. 

The process of the present invention will be ex- 
plained further in detail. 

15 The vacuum deposition vessel is firstly evacuat- 

ed to high vacuum of, for example, about 1 .33 x 10" 4 
Pa (1 0- 6 Torr) and then a small amount of the oxygen 
gas is continuously supplied towards the substrate 
from a distance close to the substrate to increase the 

20 pressure of oxygen at the substrate to 1 .33 to 1 3.3 Pa 
(10- 2 to 10~ 1 Torr) while an interior gas in the vessel 
is continuously exhausted from a suitable part of the 
vessel to keep the background at 1.33 x lO^ 3 to 0.13 
Pa (10- 5 to 1Q- 3 Torr) in the vessel except near the 

25 substrate. The reason why the upper limit of the back- 
ground pressure is selected to be 0.13 Pa (10- 3 Torr) 
is that Ln, A and Cu in the evaporation sources are 
constantly evaporated without deterioration of evap- 
oration rates. The lower limit of 1.33 x 10" 3 Pa (10~ 5 

30 Torr). is the minimum gas pressure for generating the 
plasma. 

If the plasma is not utilized, this lower limit is not tech- 
nically important. 

The reason why the oxygen gas pressure is in- 

35 creased only near the substrate in this embodiment 
is that Cu is not oxidized to Cu 2 * if the oxygen gas 
pressure is lower than 0.13 Pa (10- 3 Torr). 

The plasma can be generated by placing a high 
frequency coil between the evaporation sources and 

40 the substrate and oscillating it between the coil and 
the vessel wall at high frequency. While the plasma 
generation is preferred since reaction activities of the 
evaporated metals are increased, it may have some 
drawbacks such that the plasma attacks the desired 

45 material which is being formed if the plasma energy 
is too high. Therefore,the electric power for generat- 
ing the plasma is preferably in a range from 50 to 500 
W, preferably around 100 W. 

Ln and A are evaporated by the electron beam 

50 and Cu is evaporated by electric resistance heating. 

During evaporation of the metals by the above 
described evaporation means, the atomic ratio of Ln, 
A and Cu is adjusted to about 1 :2:3 by adjusting the 
electric power according to results of preliminary ex- 

55 periments. Namely, in the preliminary experiments, 
how much metal Ln, A or Cu is evaporated and how 
much oxide Ln 2 0 3 , AO or CuO is formed by the spe- 
cific electric power applied to each evaporation 



4 



7 



EP 0 308 869 B1 



8 



source per unit time are measured by a film thickness 
measuring device installed in the vacuum evaporation 
vessel near the substrate for each metal. Thereby, a 
relationship between the evaporation rate of each 
metal and the applied electric power is established 
and then the electric power to be applied to each 
evaporation source during formation of the thin film of 
the LnA 2 Cu 3 07_ x single crystal is determined. 

As is clear from the comparison with the conven- 
tional sputtering method, the process of the present 
invention can produce reproducibly the desired mate- 
rial since it can be carried out while preventing con- 
tamination with impurities under easily controlled op- 
erating conditions. 

The present invention has been completed based 
on the studies by the present inventors on the prep- 
aration and structures of thin films of oxide single 
crystals and their artificial superlattice thin films. Ac- 
cording to the present invention, the oxide thin film is 
formed by the reactive evaporation. This is because 
this method has been found to be most suitable for 
producing the desired material which is required to 
have a good crystalline quality. 

The reactive evaporation for preparing the oxide 
is a process comprising introducing the oxygen gas in 
the vacuum vessel, supplying metal atoms by evap- 
oration on the substrate and forming the oxide while 
reacting the metal atoms with oxygen on the sub- 
strate. 

The reasons why the reactive evaporation is suit- 
able for the formation of oxide thin film are that (a) the 
amount of oxygen in the oxide can be controlled and 
(b) a single crystal with good quality in crystallinity is 
formed. 

As to the reason (a), factors which determine the 
amount of oxygen in the oxide include the oxygen 
pressure, the substrate temperature, deposition rates 
of the metals and the kind of the substrate material. 
Since each of these factors can be changed indepen- 
dently from others, the amount of oxygen in the oxide 
can be freely adjusted. As to the reason (b), it has 
been found that when the single crystal is used as the 
substrate, a single crystal with excellent quality can 
be formed on the substrate. For example, when NiO 
is deposited on a sapphire C plane kept at 200°C un- 
der oxygen pressure of 5.32 x 1Ch 2 Pa (4x10-4 Torr) 
at a deposition rate of 0.1 nm/sec (1 A/sec), NiO sin- 
gle crystal is synthesized with the (111) plane being 
parallel with the substrate surface. A half value width 
in a rocking curve according to X-ray scattering on 
this single crystal is 0.5°. When the oxygen plasma is 
generated by RF excitation during the above synthe- 
sis, the half value width decreases to 0.06°. This 
means increase of crystallinity. 

In the artificial super lattice thin film in which lay- 
ers of NiO and CoO are alternately accumulated, as 
the thickness of each layer is decreased, the rocking 
curve becomes sharp and is substantially the same 



as that of the sapphire. 

As understood from the above explanation, the 
reactive evaporation has suitable characteristics for 
synthesizing a single crystal with good quality. The 
5 reason for this is assumed as follows: 

Growth of a crystal with forming a smooth sur- 
face is so called a single crystal growth. For such 
growth, following conditions should be met: 

(1) The crystal is grown under conditions which 
10 are close to thermodynamical equilibrium. 

(2) L/RT is larger than 2 where L is a latent heat 
for crystallization. 

The condition (1) is achieved by (i) a small rate of 
crystal growth and (ii) preferential adsorption of the 

15 atoms onto high energy sites in the surface such as 
vacancies, kinks and steps. The condition (2) is easily 
satisfied by low temperature during crystal growth. 

In the reactive evaporation, the condition (1) is 
achieved by following conditions: 

20 Since oxygen molecules are adsorbed only by 

metal atoms, they are always adsorbed by and des- 
orbed from the crystal surface to establish equilibri- 
um. On the contrary, generally once adsorbed metal 
atoms are not desorbed. However, the metal atoms 

25 having higher energy acquired in the evaporation 
source can sufficiently move over the crystal surface 
so that they are adsorbed by the high energy sites on 
the crystal surface. If the energy distribution of the 
metal atoms which arrive at the surface is narrow and 

30 the number of such metal atoms is decreased to such 
extent that each atom does not come into collision 
with other metal atoms on the surface, the condition 
(1) is achieved. To prevent the change of energy of the 
impinging metal atoms, the molecular beam is desir- 

35 able if possible. Therefore, the pressure (oxygen 
pressure) is decreased to an order of 1.33 x 10~ 2 Pa 
(10^ Torr) so as to increase their mean free path. In 
case of a metal having a low evaporation temperature 
such as Zn, it should be excited by RF to improve the 

40 quality of the ZnO single crystal. 

As described above, the reactive evaporation 
has been found to be one of the best methods for con- 
trolling the crystal growth conditions of the oxide, and 
the present invention has been completed. 

45 The present invention will be illustrated by the fol- 

lowing Examples. 

Example 1 

50 A vacuum vessel having a diameter of 750 mm 

and a height of 1,000 mm was evacuated to 1.33 x 
10r* Pa (10- 6 Torr) by an oil diffusion pump. 

As a substrate, a piece of sapphire (single crystal 
a-AI 2 0 3 ) was used with the (0112) plane forming the 

55 substrate surface (10 mm x 1 0 mm). After placing the 
sapphire substrate in the vacuum vessel, it was heat- 
ed to 650°C and kept at this temperature with a tung- 
sten heater. 
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From two nozzles for supplying the oxygen gas 
provided near both ends of the substrate, the oxygen 
gas was directly blown onto the substrate, whereby 
the gas pressure was increased to 1.33 to 13.3 Pa 
(10- 2 to 10- 1 Torr) only near the substrate, while the 
pressure near the evaporation sources which were 
placed apart from the substrate was increased to 
about 1.33 x 10~ 2 Pa (1(H Torr). 

Metals Y, Ba and Cu were evaporated from inde- 
pendent evaporation sources at such evaporation 
rates that the atomic ratio of Y:Ba:Cu was 1 :2:3 on the 
substrate. For example, Y, Ba and Cu were evaporat- 
ed at rates of 0.1 nm/sec (1 A/sec), 0.23 nm/sec (2.3 
A/sec.) and 0.17 nm/sec (1.7 A/sec), respectively. 

Between the substrate and the evaporation 
sources, a high-frequency (13.56 MHz) coil was 
placed, and high frequency was applied at 100 W so 
as to generate oxygen plasma, which activated the 
evaporated metals and accelerated the reactions on 
the substrate. 

Under the above conditions, the metal oxides 
were deposited on the substrate to form a thin film 
having a thickness of 100 nm (1,000 A). 

An X-ray diffraction pattern of the formed thin 
film is shown in Fig. 1. 

Peaks for (013), (103) and (110) which are spe- 
cific to the YBa 2 Cu 3 0 7 _ x structure are clearly ob- 
served and the formation of a crystalline film is con- 
firmed. 

In the above procedures, Y and Ba were evapo- 
rated by an electron beam, and Cu was evaporated 
by resistance heating. The evaporation conditions 
were as follows: 
Y: 

A metal ingot (purity: 99.9 %) (50 g) was used 
and placed in a crucible cooled with water. The metal 
was evaporated by the application of an electron 
beam at an acceleration voltage of 5 KV and a fila- 
ment current of 400 mA. 

Ba: 

A metal ingot (purity: 99.9 %) (50 g) was used 
and evaporated by the application of the electron 
beam at an acceleration voltage of 5 KV and a fila- 
ment current of 1 00 mA. 

Cu: 

In an alumina crucible around which a tung- 
sten filament was wound, metal Cu particles (particle 
size of 2 to 3 mm, purity of 99.9999 %) (10 g) were 
charged and heated by the application of electric cur- 
rent through the filament at 10 V, 30 A. 

Example 2 

A vacuum vessel having a diameter of 750 mm 
and a height of 1,000 mm was evacuated to 1.33 x 
1f>* Pa (10- 6 Torr). by an oil diffusion pump. 

The (001) plane of a SrTi0 3 single crystal was 
used as a substrate (10 mm x 10 mm). After placing 



the substrate in the vacuum vessel, it was heated to 
650°C and kept at this temperature with a tungsten 
heater. 

From two nozzles for supplying the oxygen gas 
5 provided near both ends of the substrate, the oxygen 
gas was directly blown onto the substrate, whereby 
the gas pressure was increased to 1.33 to 13.3 Pa 
(10- 2 to 10- 1 Torr) only near the substrate, while the 
pressure near the evaporation sources which were 
10 placed apart from the substrate was increased to 
about 1.33 x 10-2 Pa (1CH Torr). 

Metals Y, Ba and Cu were evaporated from sep- 
arate evaporation sources at such evaporation rates 
that the atomic ratio of Y:Ba:Cu was 1 :2:3 on the sub- 
15 strate. For example, Y, Ba and Cu were evaporated 
at rates of 0.1 nm/sec (1 A/sec), 0.23 nm/sec (2.3 
A/sec.) and 0.17 nm/sec (1.7 A/sec), respectively. 

Between the substrate and the evaporation 
sources, a high-frequency coil was placed, and high 
20 frequency was applied at 100 W so as to generate 
oxygen plasma, which activated the evaporated met- 
als and accelerated the reactions on the substrate. 

Under the above conditions, the metal oxides 
were deposited on the substrate to form a 100 nm 
25 (1,000 A) thick film. 

An X-ray diffraction pattern of the formed thin 
film is shown in Fig. 2, in which "x2", "x1", "x4" and 
"x30" indicate how many times the intensities were 
magnified. 

30 The formed thin film was heated at 650°C for 30 

minutes in the oxygen atmosphere and its critical cur- 
rent density at 77 K (liquid nitrogen temperature) was 
measured to find that it had the critical current density 
of 4 x 10 6 A/cm 2 . This value was large in comparison 

35 with 1 .8 x 1 0 6 A/cm 2 of the critical current density of 
the YBa 2 Cu 3 0 7 _ x type superconducting film made by 
sputtering. 

Example 3 

40 

In the same manner as in Example 2, a thin film 
of a YBa 2 Cu 3 0 7 _ x single crystal having the three- 
layered perovskite structure and a thickness of 300 
nm (3,000 A) was formed. After ten days from the for- 

45 mation of this thin film, the relationship between its 
resistivity and absolute temperature was measured. 
The results are shown in Fig. 3. 

As is apparent from Fig. 3, the formed thin film 
exhibited superconductivity at a temperature slightly 

50 lower than 50 K. Such characteristics appear when an 
oxidation degree (X) is low. Further, it is apparent 
from Fig. 3 that the thin film had the orthorohmbic 
symmetry. After the thin film was heated to 500°C for 
30 minutes in the oxygen atmosphere, its electric re- 

55 sistance became 0 (zero) at 90 K. 

The above results indicate that the thin film of the 
single crystal of the present invention is different 
from the conventional ones and the produced thin 
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film as such has superconductivity without post-heat- 
treatment at a high temperature of 900°C. 

Example 4 

5 

Surface morphological properties of the thin film 
of YBa 2 Cu 3 0 7 . x single crystal deposited in the same 
manner as in Example 2 were checked as follows: 

As substrates, two pieces of SrTi0 3 single crystal 
were used, one of which had been surface polished 10 
and the other of which had been surface polished and 
further chemically etched with a mixture of hydrofluo- 
ric acid and nitric acid. The non-etched substrate, a 
thin film of 30 nm (300 A) in thickness formed on it and 
a thin film of 1 00 nm (1 ,000 A) in thickness formed on 15 
it were examined by a scanning electron microscope 
(SEM). As the result, it was found that the polished 
surface of the SrTi0 3 single crystal was comparative- 
ly smooth, so that the thin film formed on it was con- 
tinuous and had very smooth surface even when the 20 
thickness is only 30 nm (300 A). Further, it was found 
that the thin film was smooth when the film thickness 
reached 100 nm (1,000 A). 

The etched substrate and the 100 nm (1,000 A) 
thick film formed on it were examined by SEM, and it 25 
was found that the surface of the etched substrate 
had hillocks of several micrometers. Further, it was 
found that the SEM photograph of the thin film of 1 00 
nm (1,000 A) in thickness formed on the etched sub- 
strate was substantially the same as above and the 30 
thin film grew on the substrate with tracing the sub- 
strate surface exactly. This means that the deposition 
according to the present invention overgrew a uni- 
formly thick film on the substrate surface and there- 
fore made the smooth surface of the film on the same 35 
of substrate. 

Fig. 4 shows change of resistivity against temper- 
ature of a thin film having a thickness of 200 nm 
(2,000 A) which was formed on the polished substrate 
and heat treated in the oxygen atmosphere in the 40 
same manner as in below described Example 5. A 
transition temperature as defined by zero resistivity 
was 90.2 K and the temperature range in which resis- 
tivity changed was as small as 1 .7 K, which suggest- 
ed that a superconductive thin film with excellent 45 
quality was formed. 

Fig. 5 shows change of complex susceptibility %' 
and x" against temperature of the same sample. 
Around the temperature at which the electrical resis- 
tance dropped to zero, a real part of the complex sus- 50 
ceptibility (-%') sharply increased and simultaneously 
its imaginary part (%") began to appear. These results 
indicate that the Meisner effect was observed when 
the electrical resistance became zero. 

From the above facts, it can be concluded that the 55 
substrate on which the thin film of the LnA 2 Cu 3 07_ x sin- 
gle crystal is formed preferably has a smoothly polish- 
ed surface and, on such substrate, the superconduc- 



tive thin film having a smooth surface and excellent 
quality can be formed, so that it will be particularly 
useful in the production of electrical devices such as 
a SQUID device and a Josephson device. 

Example 5 

Since the thin film just formed on the substrate 
does not necessarily exhibit good superconductivity, 
it is sometimes post-treated in an oxygen-containing 
atmosphere. 

In this Example, effects of the post-treatment 
was confirmed on the YBa 2 Cu 3 0 7 . x single crystal 
formed in the same manner as in Example 2. 

After deposition and cooling the evaporation 
sources (30 minutes), oxygen gas was introduced 
into the vacuum vessel to pressurize the vessel to 1 
atm. During this period, the substrate temperature 
was decreased to 500°C. Then, the thin film of 
YBa 2 Cu 3 0 7 . x single crystal was kept at 500°C under 
an oxygen pressure of 1 01 325 Pa (1 atm). for 1 hour 
to adjust the oxygen content in the thin film. The lat- 
tice constant c 0 of the non-oxidation-treated thin film 
in the [001] direction calculated from the X-ray dif- 
fraction pattern was 1 . 1 749 nm (1 1 .749 A), while that 
of the oxidation-treated thin film was 1.1686 nm 
(11.686 A). The lattice constant after post-treatment 
substantially corresponds to that of a bulk crystal hav- 
ing a critical temperature of 90 K class. The supercon- 
ductive characteristics of the oxidation-treated thin 
film has been already shown in Example 4. 

Example 6 

In the same manner as in Example 2 but using 
SrTi0 3 with its (110) plane forming the surface and 
heating the substrate to 520°C, a thin film of 
YBa 2 Cu 3 0 7 . x single crystal having a thickness of 200 
nm (2,000 A) was formed. 

In this Example, RHEED photographs of the sub- 
strate itself and the formed thin film of YBa 2 Cu 3 0 7 . x 
single crystal were taken. The photographs con- 
firmed that the (110) plane of the YBa 2 Cu 3 0 7 . x single 
crystal having the three-layered perovskite structure 
was epitaxially grown on the (110) plane of the sub- 
strate. 

The SEM photograph of the thin film of the single 
crystal was taken to confirm the surface smoothness. 

Example 7 

In the same manner as in Example 1 but evapor- 
ating metals Y and Sr by electron beam heating and 
metal Cu by resistance heating and depositing them 
on the (001) plane of the SrTi0 3 substrate kept at 
640°C, a thin film having a thickness of 1 00 nm (1 ,000 
A) was formed. An X-ray diffraction pattern of the 
formed film is shown in Fig. 6, in which the diffraction 
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peak corresponding to the (005) peak of the three 
layered perovskite structure like YBa 2 Cu 3 0 7 _ x . 

Example 8 

In the same manner as in Example 2 but using Dy 
or Er in place of Y, a thin film was formed. The X-ray 
diffraction patterns were shown in Fig. 7 (for Dy) and 
Fig. 8 (for Er). The formed thin film in which Ln was 
Dy or Er was characterized in that the intensity of the 
(001) peak was stronger than that in the case where 
Ln was Y. This is because the spacing corresponding 
to the (001) peak is a spacing of the rare metal ele- 
ments, so that, in case of Dy or Er having the larger 
atomic number, both the scattering factors for the X- 
ray are larger than that of Y and therefore the diffrac- 
tion peak of (001) becomes stronger. 

Example 9 

In the same manner as in Example 2 except that 
an injection nozzle was inserted in a doughnut shap- 
ed oxygen diffusion chamber surrounding the periph- 
ery of the substrate, and oxygen injected from the 
nozzle was once diffused in the chamber and then 
supplied from slits provided on an inner peripheral 
wall over the substrate surface, a thin film having a 
thickness of 10 nm (100 A) was formed. 

The X-ray diffraction pattern of the formed thin 
film is shown in Fig. 9. 

The thin film was then post- heat-treated in the 
oxygen atmosphere in the same manner as in Exam- 
ple 5. Change of the electrical resistance against tem- 
perature of the oxidation-treated thin film is shown in 
Fig. 10, and change of the complex susceptibility 
against temperature of the same thin film is shown in 
Fig. 11. 

From these results, it is understood that the thin 
film of 10 nm (100 A) in thickness was superconduc- 
tive below 82 K. 

Example 10 

In the same manner as in Example 9 but using, 
as a substrate, the SrTi0 3 single crystal with a sur- 
face of its (110) plane and heating the substrate to 
530°C, 550°C, 580°C or 630°C, a thin film having a 
thickness of 50 nm (500 A) was formed. 

On each of the four thin films, an electron beam 
was irradiated along a direction of [001] or [110] of the 
substrate to confirm the crystal orientation of each 
thin film by RHEED. 

The results are shown in Figs. 12A, 13A, 14Aand 
15A (along the [001] direction) and Figs. 12B, 13B, 
14B and 15B (along the [110] direction). At 530°C, as 
seen from Figs. 12A and 12B, the thin film of 
YBa 2 Cu 3 07_ x single crystal having the (110) plane 
which was parallel with the (110) plane of the sub- 



strate SrTi0 3 single crystal was formed. At 630°C, as 
seen from Figs. 15A and 15B, the thin film of 
YBa 2 Cu 3 0 7 . x single crystal having the (103) plane 
which was parallel with the (110) plane of the sub- 

5 strate SrTi0 3 single crystal was formed. 

At 550°C and 580°C which are between 530°C 
and 630°C, as seen from Figs. 13A, 13B, 14A and 
14B, the thin films containing a mixture of (110) and 
(103) orientations of the YBa 2 CU 3 0 7 _ x were formed. 

10 The thin film of YBa 2 Cu 3 0 7 . x single crystal which 

was formed at 630°C and had a thickness of 50 nm 
(500 A) was heat-treated in the oxygen atmosphere 
in the same manner as in Example 5 and change of 
the electrical resistance against temperature was 

15 measured. The results are shown in Fig. 16, which 
confirmed that the oxidation-treated thin film exhibit- 
ed superconductivity around 80 K. 

Example 11 

20 

In the same manner as in Example 10 but using 
Er in place of Y and heating the substrate to 530°C, 
580°C or 630°C, a thin film was formed. 

RHEED photographs of these three thin films 
25 were taken by irradiating the electron beam along two 
directions as in Example 10 to confirm the crystal 
structures. 

The results are shown in Figs. 17A, 18Aand 19A 
(along the [001] direction) and Figs. 17B, 18B and 

30 1 9B (along the [110] direction). At 530°C, as seen from 
Figs. 17Aand 17B, the thin film of ErBa 2 CU 3 0 7 _ x sin- 
gle crystal having the (110) plane which was parallel 
with the (110) plane of the substrate SrTi0 3 single 
crystal was formed. At 630°C, as seen from Figs. 1 9A 

35 and 19B, the thin film of ErBa 2 Cu 3 0 7 . x single crystal 
having the (103) plane which was parallel with the 
(110) plane of the substrate SrTi0 3 single crystal was 
formed. 

At 580°C, as seen from Figs. 18Aand 18B, the 
40 thin film containing a mixture of (110) and (103) ori- 
entations of the ErBa 2 Cu 3 0 7 _ x single crystals was 
formed. 

Example 12 

45 

In the same manner as in Example 9 but using, 
as a substrate, the SrTi0 3 single crystal with its (110) 
plane forming a surface and heating the substrate to 
520°C, a thin film having a thickness of 15 nm (150 A) 
50 was formed. 

Then, in the same manner as in Example 9 but us- 
ing the substrate on which the thin film having a thick- 
ness of 15 nm (150 A) as the substrate and heating 
the substrate to 630°C, a second thin film having a 
55 thickness of 85 nm (850 A) was formed. 

RHEED photographs of the second thin film hav- 
ing the thickness of 85 nm (850 A) was taken by irra- 
diating the electron beam along two directions as in 
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Example 10 to confirm the crystal structures. 

The results are shown in Figs. 20A and 20B. As 
seen from these figures, a thin film of YBa 2 Cu 3 0 7 . x 
single crystal having the (110) plane which was par- 
allel with the (110) plane of the substrate SrTi0 3 sin- 
gle crystal was formed. 

The thin film of YBa 2 Cu 3 0 7 _ x single crystal hav- 
ing the thickness of 85 nm (850 A) was heat-treated 
in an oxygen atmosphere in the same manner as in 
Example 5 and change of the electrical resistance 
against temperature was measured. The results are 
shown in Fig. 21, which confirmed that the oxidation- 
treated thin film exhibited superconductivity around 
80 K. 



Claims 

1 . A process of producing a thin film consisting of a 
single crystalline oxide superconductor of the for- 
mula (I) 

LnA 2 Cu 3 07_ x (I) 
wherein Ln is at least one of the rare earth ele- 
ments Y, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm and Yb 
and A is at least one of the alkaline earth metals 
Ba, Sr and Ca which has a three-layered perov- 
skite structure, which comprises simultaneously 
evaporating Ln, A and Cu in an atomic ratio of 
about 1 :2:3 from discrete evaporation sources of 
Ln, A and Cu to deposit them on a single crystal 
substrate in a vacuum vessel while supplying 
oxygen gas towards the substrate to form an oxy- 
gen-rich atmosphere having a pressure of 1 .33 to 
13.3 Pa at the substrate. 

2. The process according to claim 1 , which compris- 
es further generating a plasma during the step of 
simultaneously evaporating Ln, A and Cu in an 
atomic ratio of about 1:2:3 form discrete evapor- 
ation sources of Ln, A and Cu. 

3. The process according to any one of claims 1 and 
2, wherein the single crystal used as the sub- 
strate has its (001) plane forming the substrate 
surface, and the (001) plane of the formed single 
crystal is parallel with the film surface. 

4. The process according to claim 3, wherein the 
substrate is heated to a temperature of not lower 
than 500°C while depositing the film. 

5. The process according to any one of claims 1 and 
2, wherein the single crystal used as the sub- 
strate has its (110) plane forming the substrate 
surface, and the (110) plane of the formed single 
crystal is parallel with the film surface. 

6. The process according to claim 5, wherein firstly 



a thin film of the single crystal of the oxide of the 
formula (I) in which its (110) plane is parallel with 
the film surface is formed on the substrate heat- 
ed to a temperature not lower than 500° C and 
5 lower than 550°C while depositing the film, and 

then an oxide of the formula (I) in which its (110) 
plane is parallel with the film surface is deposited 
on the firstly formed thin film heated at a temper- 
ature of not lower than 550°C. 

10 

7. The process according to any one of claims 1 and 
2, wherein the single crystal used as the sub- 
strate has its (110) plane forming the substrate 
surface, and the (1 03) plane of the formed single 

15 crystal is parallel with the film surface. 

8. The process according to claim 7, wherein the 
substrate is heated to a temperature of not lower 
than 550°C while depositing the film. 

20 

Patentanspriiche 

1. Verfahren zur Herstellung einer dunnen Schicht, 
25 bestehend aus einem monokristallinen Oxid- 

Supraleiter der Formel (I) 

LnA 2 Cu 3 0 7 . x 
wobei Ln mindestens eines der Seltenerdelemente 
Y, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm und Yb bedeu- 

30 tet und A mindestens eines der Erdalkalimetalle 

Ba, Srund Ca bedeutet, mit einer dreischichtigen 
Perowskit-Struktur, umfassend das gleichzeitige 
Verdampfen von Ln, A und Cu in einem Atomver- 
haltnis von etwa 1 :2:3 aus einzelnen Verdampfer- 

35 quellen fur Ln, A und Cu, urn sie in einem Vaku- 

umgefaR auf einem Einkristallsubstrat abzu- 
scheiden, wobei Sauerstoffgas gegen das Sub- 
strat geleitet wird, urn am Substrat eine sauer- 
stoffreiche Atmosphare mit einem Druck von 

40 1,33 bis 13,3 Pa zu erzeugen. 

2. Verfahren nach Anspruch 1, umfassend ferner 
die Erzeugung eines Plasmas wahrend des 
Schrittes des gleichzeitigen Verdampfens von 

45 Ln, A und Cu in einem Atomverhaltnis von etwa 

1:2:3 aus einzelnen Verdampferquellen fur Ln, A 
und Cu. 

3. Verfahren nach einem der Anspruche 1 und 2, 
50 wobei die (001) Ebene des als Substrat verwen- 

deten Einkristalls die Substratoberflache bildet 
und die (001) Ebene des erzeugten Einkristalls 
zur Schichtoberf lache parallel ist. 

55 4. Verfahren nach Anspruch 3, wobei das Substrat 
wahrend der Abscheidung der Schicht auf eine 
Temperatur von nicht unter 500°C erhitzt wird. 
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5. Verfahren nach einem der Anspruche 1 und 2, 
wobei die (110) Ebene des als Substrat verwen- 
deten Einkristalls die Substratoberflache bildet 
und die (110) Ebene des erzeugten Einkristalls 
zur Schichtoberflache parallel ist. 

6. Verfahren nach Anspruch 5, wobei zuerst eine 
dunne Schicht des Einkristalls des Oxids der For- 
mel (I), dessen (110) Ebene parallel zur Schicht- 
oberflache ist, auf dem, wahrend der Abschei- 
dung der Schicht auf eine Temperatur von nicht 
unter 500°C und unter550°C erhitzten, Substrat 
erzeugt wird und danach ein Oxid der Formel (I), 
dessen (110) Ebene parallel zur Schichtoberfla- 
che ist, auf der zuerst erzeugten, auf eine Tem- 
peratur nicht unter 550°C erhitzten, dunnen 
Schicht abgeschieden wird. 

7. Verfahren nach einem der Anspruche 1 und 2, 
wobei die (110) Ebene des als Substrat verwen- 
deten Einkristalls die Substratoberflache bildet 
und die (103) Ebene des erzeugten Einkristalls 
zur Schichtoberflache parallel ist. 

8. Verfahren nach Anspruch 7, wobei das Substrat 
wahrend der Abscheidung der Schicht auf eine 
Temperatur von nicht unter 550°C erhitzt wird. 



Revendications 



face du substrat, et le plan (001) du monocristal 
forme est parallele a la surface du film. 

4. Procede selon la revendication 3, dans lequel le 
5 substrat est chauffe a une temperature non infe- 

rieure a 500°C durant le depot du film. 

5. Procede selon Tune quelconque des revendica- 
tions 1 et 2, dans lequel le monocristal utilise en 

10 tant que substrata son plan (110) formant la sur- 

face du substrat, et le plan (110) du monocristal 
forme est parallele a la surface du film. 

6. Procede selon la revendication 5, dans lequel 
15 tout d'abord un f ilm mince du monocristal d'oxyde 

de formule (I) dans lequel son plan (110) est pa- 
rallele a la surface du film est forme sur le subs- 
trat chauffe a une temperature non inferieure a 
500°C et inferieure a 550°C durant le depot du 
20 film, ensuite un oxyde de formule (I) dans lequel 

son plan (110) est parallele a la surface du film 
est depose sur le f ilm mince forme en premier lieu 
chauffe a une temperature non inferieure a 
550°C. 

25 

7. Procede selon Tune quelconque des revendica- 
tions 1 et 2, dans lequel le monocristal utilise en 
tant que substrat a son plan (110) formant la sur- 
face du substrat, et le plan (103) du monocristal 

30 forme est parallele a la surface du film. 



1. Procede de fabrication d'un film mince constitue 
d'un supraconducteur d'oxyde monocristal I in de 
formule (I) 

LnA 2 Cu 3 07. x (I) 35 
dans laquelle Ln est au moins Tun des elements 
des terres rares Y, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm 
et Yb et A est au moins Tun des metaux alcalino- 
terreux Ba, Sret Caqui possede une structure de 
perovskite a trois couches, com porta nt simulta- 40 
nement I'evaporation de Ln, Aet Cu selon un rap- 
port atomique d'environ 1 :2:3 a partir de sources 
d'evaporation discretes de Ln, A et Cu pour les 
deposer sur un substrat monocristallin dans une 
chambre a vide tout en delivrant de I'oxygene ga- 45 
zeux au substrat pour former une atmosphere ri- 
che en oxygene presentant une pression de 1,33 
a 13,3 Pa sur le substrat. 



8. Procede selon la revendication 7, dans lequel le 
substrat est chauffe a une temperature non infe- 
rieure a 550°C durant le depot du film. 



2. Procede selon la revendication 1 , comportant en 50 
outre la generation d'un plasma durant I'etape 
d'evaporation simultanee de Ln, Aet Cu selon un 
rapport atomique d'environ 1 :2:3 a partir de sour- 
ces d'evaporation discretes de Ln, Aet Cu. 

55 

3. Procede selon I'une quelconque des revendica- 
tions 1 et 2, dans lequel le monocristal utilise en 
tant que substrat a son plan (001 ) formant la sur- 
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Fig. 5 
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Fig. 10 
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